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APPARATUS FOR THE Bee ANALYSIS OF FLUE 


By Georce A. Burrecy and Frank M. Serperr. 


INTRODUCTION. 


In the course of its tests of fuels belonging to and for the use of the 
Government, the Bureau of Mines has had occasion to study care- 
fully the methods of determining the composition of the flue 
gases of a boiler under the varying conditions of a steaming test. 
This paper describes gas-analysis apparatus that has been used in 
tests conducted by the bureau. 

The exact analysis of the combustible constituents in flue gas has 
received little attention, largely because of the difficulty of readily 
determining the small quantities usually present of these constituents. 
The literature on the subject contains meazer information relative to 
the percentages of hydrogen and methanc in flue gas, the constituents 
usually determined being carbon dioxide, carbon monoxide, and 
oxygen. It is the hope of the authors that the apparatus described 
in this paper may prove useful to engineers and chemists who have 
occasion to direct or take part in combustion tests of fuels. 

Many manufacturing concerns have apparatus for determining a 
few of the constituents of flue gas. Some employ automatic devices 
for CO, recording; others collect samples at intervals or during 
extended periods of time and analyze them by means of various 
types of gas-analysis apparatus, such as those devised by Orsat, 
Hempel, Elliot, and Bunte. With any of these apparatus. results 
can be obtained by which the performance of a boiler furnace can be 
intelligently supervised, but when the exact composition of the 
waste gases is desired, as in technical research, they are not suffi- 
ciently accurate. Under ordinary circumstances, as little as 0.10 
per cent of unburned combustible gases passing through the flue 
may be equivalent to the loss of about 1 per cent of the fuel fed into 
the furnace. It is recognized that in boiler practice there are other 
heat losses greater than those occasioned by incomplete burning of 
combustible gases, but the fact remains that the extent of the losses 
due to incomplete combustion has not been exactly determined. The 
apparatus most used for the examination of flue gases is the Orsat. 
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The smallest percentage that it will indicate is probably 0.10 or 0.20 
per cent, so that the results obtained with it do not have much 
significance if an exact analysis is sought. With the Orsat appa- 
ratus carbon monoxide is determined by means of an ammoniacal 
or acid solution of cuprous chloride, and the apparatus is not 
altogether satisfactory for the determination of the small quantities of 
this constituent found in flue gases in ordinary furnace practice. 
The determination of the hydrogen or methane is seldom attempted. 


SPECIAL APPARATUS FOR THE ANALYSIS OF FLUE GAS. 


For the determination of carbon dioxide, oxygen, carbon monoxide, 
hydrogen, and methane in flue gas during combustion tests conducted 
by the Bureau of Mines the authors have 
used the apparatus shown in figure 1. 

This apparatus is a modification of the 
well-known Haldane apparatus. It has 
been simplified from the original pattern in 
that the pipettes are all placed in a common 
train. Three 3-way stopcocks have been 
replaced by three 2-way stopcocks, and a 
simpler pipette has been provided for the 
alkaline pyrogallate solution. The essential 
features and the method of working remain 
the same as proposed by Dr. Haldane for 
analyzing mine air. The apparatus is so 
well adapted for the exact analysis of flue 

gas that attention is here called to such use. 

aici jectaeeh heaves The apparatus and its use are described 

apparatus for the exact analysis by reference to figure 1. The burette, d, 

ot nee ee: contains mercury, and has a total capacity of 
21c.c. The bulb of the burette, which is not graduated, has a capacity 
_ of 15¢.¢. The stem of the burette has a capacity of 6 c. c. and is 
graduated to 0.01c¢.c. The three pipettes shown are the potassium- 
hydroxide, a; the slow-combustion, b; and the alkaline pyrogallate, e. 
The reservoir of the alkaline pyrogallate pipette is placed back of 
the stand and is provided with a rubber bag to prevent access of air 
to the alkaline pyrogallate solution. 

The surfaces of the liquids in the reservoir bulbs must, in all cases, 
be at the same level as the surfaces of the liquids in the corresponding 
pipettes when the liquids are brought to the marks represented at 
e, f, and g in the figure. This condition is necessary to prevent a 
difference in pressure acting against the columns of the liquids in the 
pipettes when the gas sample is transferred from the burette to the 
different pipettes. 


<>! 
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a Haldane, J. 8., and Foster, C. L., The investigation of mine air, 1905, p. 100. 
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APPARATUS FOR ANALYSIS OF FLUE GAS, 7 
PROCEDURE IN ANALYSIS. 
MANIPULATION OF APPARATUS 


To perform an analysis, the liquids in the three pipettes are brought 
exactly to the marks e, f, g, on the capillary tubes. If an analysis 
has been recently made, this preliminary step is unnecessary, but if 
the apparatus has stood unused for some time, the solutions usually 
have to be adjusted before making an analysis. The three-way stop- 
cock h is turned to communicate between the outside air and the 
compensating tube i, so that the pressure in the tube may equal that 
of the atmosphere, and is then turned to communicate between the 
tube « and the column of liquid in the capillary tube 0. The gas 
sample is transferred to the burette by displacing it with mercury. 

The first 5 or 10 c. c. of gas drawn into the burette d from the 
sample container is not retained, but is used to sweep the air out of 
the connections between the burette and the sample container. For 
this purpose an extra 3-way stopcock is placed between the burette 
and the sample container. Gas is then drawn into the burette until 
the mercury is depressed somewhat below the 21 c. c. mark; then, 
with the burette stopcock k closed, the gas is placed under pressure 
by slightly raising the level bulb p. Next the burette stopcock k is 
opened to the air for a second to bring the gas in the burette to 
atmospheric pressure. Before reading the volume of gas inclosed, 
the stopcocks at k and m are turned so that communication is made 
between the burette and the potassium-hydroxide solution pipette a. 

If the directions for manipulating the apparatus have been followed 
with care there is only a slight movement of the potassium-hydroxide 
solution at e. If, through failure to follow directions exactly, there 
is a decided movement of the solution, error will ensue. A resulting 
increase of pressure causes an absorption of some carbon dioxide 
before the reading is taken, and a decrease of pressure pulls the 
potassium-hydroxide solution into the horizontal capillary tubing, 
thereby ruining the value of the combustion data subsequently 
obtained. 

By slightly raising or lowering the level bulb 7 the surface of the 
potassium-hydroxide solution is brought exactly to the mark o in the 
capillary tube. 

The potassium-hydroxide solution is brought to the mark e above 
the pipette by a slight movement of the mercury in the burette, and 
the volume of gas is read to the third decimal place. The burette 
can be read to 0.002 c.c. The gas is then passed into the potassium- 
hydroxide pipette, and the carbon dioxide is entirely removed by 
passing the gas back and forth between the burette and the potassium- 
hydroxide pipette about four times. In no case should the mercury 
in the burette be raised above the stopcock k. The reduction in 
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volume of the sample caused by the removal of the carbon dioxide is 
recorded. 

The sample is next passed into the slow-combustion pipette 6b. 
The platinum coil in this pipette is No. 30 (B. & S.) wire and is in 
contact with platinum wires in two glass tubes filled with mercury. 
Each wire is sealed through the bottom of its tube and to the pro- 
jecting ends are attached the copper wires for carrying the electric 
current. The platinum coil is brought to a white heat by a current 
of about 5 amperes. About two minutes is required for the com- 
plete oxidation of the combustible gases contained in the sample. 
The gas remaining in the capillary tubing is brought in contact with 
the platinum spiral by passing the sample back and forth between 
the burette and the combustion pipette several times, care being 
taken that the mercury in the combustion pipette is not raised to the 
platinum spiral in the pipette. Finally, the current is broken and the 
pipette allowed to cool. Cooling is hastened by playing a stream of 
compressed air upon the pipette. When cool, the gas is transferred 
to the burette and the contraction in volume is recorded. 

The residual gas is then passed into the potassium-hydroxide 
pipette a to absorb the carbon dioxide produced by the combustion. 
After the contraction in volume caused by this absorption has been 
measured, the gas is passed into the pipette c containing the alkaline 
pyrogallate solution to absorb oxygen. 

At this stage of the analysis the capillary tubes are manifestly filled 
with residual gas that contains oxygen. In order to avoid sweeping 
them out by dilution and to obtain the last trace of oxygen, the 
mercury in the combustion pipette is brought to the stopcock r by 
raising the bulb 7 and the potassitum-hydroxide solution is brought 
to the stopcock m by raising the bulb n. The oxygen is completely 
absorbed by passing the gas back and forth between the burette and 
the alkaline pyrogallate solution five or six times. 

The alkaline pyrogallate solution is finally brought exactly to the 
mark g; the mercury and the potassium-hydroxide solution are 
brought to their respective marks at f and e, and the reduction in 
volume of the gas is measured. The oxygen percentage thus deter-- 
mined represents the oxygen remaining after a certain volume has 
been consumed in the burning of the combustible constituents. To 
determine the volume of oxygen consumed, a separate determination 
is made by drawing a fresh portion of the sample of gas into the 
burette and passing it in turn into the potassium-hydroxide and 
alkaline pyrogallate solutions and measuring the reduction in volume 
produced. The total oxygen content thus determined, minus the 
residual oxygen already found, represents the oxygen consumed. 
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Other burette readings are made in a manner similar to that in 
which the original volume of the sample was read. After combus- 
tion, for instance, the gas is withdrawn to the burette and the mercury 
in the combustion pipette brought exactly to the scratch at f. The 
stopcock at r is closed and the one at m opened. The solution in the 
capillary tube is brought to the scratch o by raising or lowering the 
level bulb n and the solution in the potassium-hydroxide pipette a is 
brought to the mark e by a slight movement of the mercury in the 
burette. The burette is then read. 

From the contraction, the carbon dioxide produced by tlie com- 
bustion, and the oxygen consumed, the methane, carbon monoxide, 
and hydrogen may be calculated by the following well-known equa- 
tions: 

CH, + 20, = CO, +2H,0 
2H, + O, = 2H,O 
2CO + O, = 2CO, 


An analysis such as is described above can be performed in 35 
minutes. 
MINOR DETAILS. 


Heavy-wall pure-gum tubing is used on all connections, and the 
stopcocks are kept well lubricated. The stopcock grease used is 
made by adding 1 part paraffin and 3 parts vaseline to 1 part pure 
gum rubber. The rubber is melted, the other ingredients are added, 
and the mixture is then heated to melting for several minutes. The 
inner walls of the burette and the compensating tube are kept slightly 
moistened with water. The instrument should be protected from 
drafts and the water in the water jacket, each time before burette 
readings are made, is agitated by blowing air through it, thus insuring 
uniformity of temperature throughout the water jacket. It is desir- 
able, if compressed air can be obtained, to keep air bubbling through 
the water jacket during the entire analysis. Bubbles of water or mer- 
cury must be kept out of the horizontal capillary tubing. It is 
scarcely necessary to add that a trace of potassium-hydroxide solu- 
tion left in the tubing will ruin the value of the combustion analyses. 
The tubing from o over to the compensating tube 7 must also be 
kept clear of detached bubbles of the potassium-hydroxide solution. 


RECORDING OF RESULTS. 


The following results of two duplicate analyses show the details 
observed and the calculations made. As will be observed, the analy- 
ses are of flue gas from a boiler furnace operating under very poor 
conditions. 
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Tabulated results of duplicate analyses of a sample of flue gas. 


First analysis. Second analysis. 
Observation or calculation Volume. | PF | volume. | PF | volume. | Pet | Volume. | Per 
. * | cent. * | cent. * | cent. *|cent. 
5S 2 3 4 5 6 7 8 


Volume of sample taken............-. 
Carbon dioxide (after caustic potash). 
Oxygen (after pyrogallate solution). .|.........- 
Total volume of residual gas.......-.. 
Volume after burning. ae 
Contraction. .......... 
Volume after carbon. 
tion 
Carbon dioxide produced............ 
Volume after oxygen absorption... -. 
Residual oxygen .......-..---..---.-- 
Oxygen consumed. . 
Methane.........-.. 
Carbon monoxide. . cof 
Fy GPOSON SS «2c 25 oss elasais ag oose sava|ssacsese an 


In column 1 are shown data representing the changes in volume 
of the gas sample at different stages of the analysis. 

In column 2 are shown the proportions of carbon dioxide, carbon, 
monoxide, hydrogen, and methane calculated to a percentage basis. 

In column 3 are shown the observed data involved in the separate 
oxygen determination. 

The final figures representing the percentages of carbon dioxide and 
of oxygen are shown in column 4. 

In columns 5, 6, 7, and 8 are shown the readings and results of the 
duplicate analysis. 

From the combustion data calculations were made to show the 
errors that might result if the oxygen consumed were not determined, 
and the results were calculated to carbon monoxide and methane. 
The possible errors are indicated below. 


Possible errors from failure to determine oxygen consumed. 


First Second 
analysis. analysis. 


Percent. | Percent. 
0.78 0.76 
0. 24 0.24 


Carbon monoxide. ... 
Methane 


PUBLICATIONS ON FUEL TECHNOLOGY. 


The following Bureau of Mines publications may be obtained free 
by applying to the Director Bureau of Mines, Washington, D. C.: 

Bu.etin 1. The volatile matter of coal, by H. G. Porter and F. K. Ovitz. 1910. 
56 pp. 1 pl. 

Buuetin 2. North Dakota lignite as a fuel for power-plant boilets, by D. T. Ran- 
dall and Henry Kreisinger. 1910. 42 pp., 1 pl. 
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Butetin 3. The coke industry of the United States as related to the foundry, by 
Richard Moldenke. 1910. 32 pp. 

Buuetin 4. Features of producer-gas power-plant development in Europe, by 
R. H. Fernald. 1910. 27 pp., 4 pls. 

Buuvetin 5. Washing and coking tests of coal at Denver, Colo., July 1, 1908, to 
June 30, 1909, by A. W. Belden, G. R. Delamater, J. W. Groves, and K. M. Way. 
1910. 62 pp. 

BuLuetin 6. Coals available for the manufacture of illuminating gas, by A. H. 
White and Perry Barker, compiled and revised by H. M. Wilson. 1911. 77 pp., 
4 pls. 

Bu.etin 7. Essential factors in the formation of producer gas, by J. K. Clement, 
L. H. Adams, and C. N. Haskins. 1911. 58 pp., 1 pl. 

Buietin 8. The flow of heat through furnace walls, by W. T. Ray and Henry 
Kreisinger. 1911. 32 pp. 

Bu.etin 12. Apparatus and methods for the sampling and analysis of furnace 
gases, by J. C. W. Frazer and E. J. Hoffman. 1911. 22 pp. 

Bu.ietin 18. Résumé of producer-gas investigations, October 1, 1904, to June 30, 
1910, by R. H. Fernald and C. D. Smith. 1911. 393 pp., 12 pls. 

Bu.etin 14. Briquetting tests of lignite at Pittsburgh, Pa., 1908-9; with a chapter 
on sulphite-pitch binder, by C. L. Wright. 1911. 64 pp., 11 pls. 

Butetin 16. The uses of peat for fuel and other purposes, by C. A. Davis. 1911. 
214 pp., 1 pl. 

Bu.eEtin 18. The transmission of heat into steam boilers, by Henry Kreisinger 
and W. T. Ray. 1912. 180 pp. 

Butvetin 19. Physical and chemical properties of the petroleums of the San 
Joaquin Valley, Cal., by I. C. Allen and W. A. Jacobs, with a chapter on analyses of 
natural gas from the southern California oil fields, by G. A. Burrell. 1911. 60 pp., 
2 pls. 

BULLETIN 21. The significance of drafts in steam-boiler practice, by W. T. Ray and 
Henry Kreisinger. 64 pp. Reprint of United States Geological Survey Bulletin 367. 

BuLwetin 23. Steaming tests of coals and related investigations, September 1, 1904, 
to December 31, 1908, by L. P. Breckenridge, Henry Kreisinger, and W. T. Ray. 
1912. 380 pp., 2 pls. 

Buetin 24. Binders for coal briquets, by J. E. Mills. 56 pp. Reprint of United 
States Geological Survey Bulletin 343. 

BuLietin 27. Tests of coal and briquets as fuel for house-heating boilers, by D. T. 
Randall. 44 pp.,3 pls. Reprint of United States Geological Survey Bulletin 366. 

Buuetin 28. Experimental work conducted in the chemical laboratory of the 
United States fuel-testing plant at St. Louis, Mo., January 1, 1905, to July 31, 1906, 
by N. W. Lord. 51 pp. Reprint of United States Geological Survey Bulletin 323. 

Bu.wetin 29. The effect of oxygen in coal, by David White. 80 pp., 3 pls. Re- 
print of United States Geological Survey Bulletin 382. 

Buuuetin 30. Briquetting tests at the United States fuel-testing plant at Norfolk, 
Va., 1907-8, by C. L. Wright. 41 pp., 9 pls. Reprint of United States Geological 
Survey Bulletin 385. 

Buuetin 31. Incidental problem in gas-producer tests, by R. H. Fernald, C. D. 
Smith, J. K. Clement, and H.A.Grine. 29pp. Reprint of United States Geological 
Survey Bulletin 393. 

Bu.wetin 32. Commercial deductions from comparisons of gasoline and alcohol 
tests on internal-combustion engines, by R. M. Strong. 38 pp. Reprint of United 
States Geological Survey Bulletin 392. 

Butietin 33. Comparative tests of run-of-mine and briquetted coal on the torpedo 
boat Biddle, by W. T. Ray and Henry Kreisinger. 50 pp. Reprint of United States 
Geological Survey Bulletin 403. 
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BuLetin 34. Tests of run-of-mine and briquetted coal in a locomotive boiler, by 
W. T. Ray and Henry Kreisinger. 33 pp. Reprint of United States Geological 
Survey Bulletin 412. 

Buuiietin 35. The utilization of fuel in locomotive practice, by W. F. M. Goss. 
29 pp. Reprint of United States Geological Survey Bulletin 402. 

Buuwetin 36. Alaskan coal problems, by W. L. Fisher. 1911. 32 pp., 1 pl. 

Bu.ietin 37. Comparative tests of run-of-mine and briquetted coal on locomotives, 
including torpedo-boat tests, and some foreign specifications for briquetted fuel, by 
W.F.M.Goss. 58pp.,4pls. Reprint of United States Geological Survey Bulletin 363. 

Bu.ietin 39. The smoke problem at boiler plants, a preliminary report, by D. T. 
Randall. 31 pp. Reprint of United States Geological Survey Bulletin 334, re- 
vised by S. B. Flagg. 

BuLietin 40. The smokeless combustion of coal in boiler furnaces, with a chapter 
on central heating plants, by D. T. Randall and H. W. Weeks. 188 pp. Reprint 
of United States Geological Survey Bulletin 373, revised by Henry Kreisinger. 

Bu.uetin 41. Government coal purchases under specifications, with analyses for 
the fiscal year 1909-10, by G. S. Pope, with a chapter on the fuel-inspection laboratory 
of the Bureau of Mines, by J. D. Davis. 1912. 97 pp., 3 pls. 

Butvetin 43. Comparative fuel values of gasoline and denatured alcohol in internal- 
combustion engines, by R. M. Strong and Lauson Stone. 1912. 243 pp., 3 pls. 

Buietin 49. Smoke abatement and city smoke ordinances, by S. B. Flagg. 1912. 
55 pp. 

Butwetin 62. Sampling coal deliveries, and types of Government specifications for 
the purchase of coal. 1913. 68 pp., 4 pls. 

Trecunicat Parer 1. The sampling of coal in the mine, by J. A. Holmes. 1911. 
18 pp. 

TECHNICAL Paper 2. The escape of gas from coal, by H. C. Porter and F. K. Ovitz. 
1911. 14 pp. 

TECHNICAL Paper 3. Specifications for the purchase of fuel oil for the Govern- 
ment, with directions for sampling oil and natural gas, by I. C. Allen. 1911. 13 pp. 

TEcHNICAL Paper 5. The constituents of coal soluble in phenol, by J.C. W. Frazer 
and E. J. Hoffman. 1912. 20pp.,1 pl. 

TrcHNICAL Paper 8. Methods of analyzing coal and coke, by F. M. Stanton and 
A.C. Fieldner. 1912. 21 pp. 

TECHNICAL Paper 9. The status of the gas producer and of the internal-combustion 
engine in the utilization of fuels, by R. H. Fernald. 1912. 42 pp. 

TecHNIcAL Paper 10. Liquefied products from natural gas; their properties and 
uses, by I. C. Allen and G. A. Burrell. 1912. 23 pp. 

TECHNICAL PaPER 16. Deterioration and spontaneous combustion of coal in storage, 
a preliminary report, by H. C. Porter and F. K. Ovitz. 1912. 14 pp. 

TrEcHNICAL PaPER 20. The slagging type of gas producer, with a brief report of pre- 
liminary tests, by C.D. Smith, 1912. 14 pp., 1 pl. 

TECHNICAL ParER 25. Methods for the determination of water in petroleum and its 
products, by I. C. Allen and W. A. Jacobs. 1912. 13 pp. 

TECHNICAL Paper 26. Methods of determining the sulphur content of fuels, espe- 
cially petroleum products, by I. C. Allen and I. W. Robertson. 1912. 13 pp. 
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